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Wind tunnel testAbstract In this study, a multi-input/multi-output (MIMO) time-delay feedback controller is
designed to actively suppress the ﬂutter instability of a multiple-actuated-wing (MAW) wind tunnel
model in the low subsonic ﬂow regime. The unsteady aerodynamic forces of the MAW model are
computed based on the doublet-lattice method (DLM). As the ﬁrst attempt, the conventional linear
quadratic-Gaussian (LQG) controller is designed to actively suppress the ﬂutter of the MAW
model. However, because of the time delay in the control loop, the wind tunnel tests illustrate that
the LQG-controlled MAW model has no guaranteed stability margins. To compensate the time
delay, hence, a time-delay ﬁlter, approximated via the ﬁrst-order Pade approximation, is added
to the LQG controller. Based on the time-delay feedback controller, a new digital control system
is constructed by using a ﬁxed-point and embedded digital signal processor (DSP) of high perfor-
mance. Then, a number of wind tunnel tests are implemented based on the digital control system.
The experimental results show that the present time-delay feedback controller can expand the ﬂutter
boundary of the MAW model and suppress the ﬂutter instability of the open-loop aeroelastic sys-
tem effectively.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Active ﬂutter suppression is a relatively mature, but still
rewarding research area in aeroservoelasticity. The past three
decades have witnessed extensive studies on active ﬂuttersuppression and various control schemes have provided prom-
ising results. For example, Gangsaas et al.1 presented a low-
order, robust and multi-loop controller to actively suppress
the ﬂutter instability of a ﬂexible airplane by using a modiﬁed
linear quadratic Gaussian synthesis. Mukhopadhyay et al.2
developed a reduced-order, robust and optimal control law
by using optimization techniques and showed that it was difﬁ-
cult to choose the free design variables. Furthermore, Rockwell
International Corporation, NASA Langley Research Center
and the Air Force Wright Laboratories initiated a program
called Active Flexible Wing (AFW) in 1985.3 This program
resulted in several control laws for active ﬂutter suppression
for the AFW wind tunnel model.4 For example, from the
Fig. 1 MAW wind tunnel model.
1452 W. Qian et al.viewpoint of the ﬂutter mechanism, Waszak and Srinathku-
mar5 synthesized a simple low-order, single-input/single-output
(SISO) controller via traditional methods. Mukhopadhyay6
designed a 5th-order SISO control law by using the reduced-
order linear quadratic Gaussian method. Both controllers were
tested in the Transonic Dynamics Tunnel (TDT) located at
NASA Langley Research Center and the wind tunnel tests
showed that the two controllers could signiﬁcantly increase
the ﬂutter dynamic pressure of the AFW model. Zhang
and Ye7 constructed a transonic aeroservoelastic model in
state-space by coupling the structural state equations with the
aerodynamic state equations of the wing section with a trail-
ing-edge control surface. They obtained the aerodynamic state
equations by using the linear reduced-order model (ROM)
approach and designed a sub-optimal control law based on out-
put feedback. Zeng et al.8 studied how the pivot stiffnesses of
all-moveable horizontal tail (HT) and canard affected the aero-
servoelastic stability of a canard-conﬁgured hypersonic vehicle
(HSV). Yang et al.9 suppressed the ﬂutter of anMIMO airplane
conﬁguration, i.e., an imitational F/A-18A model, by means of
active controllers, which were ﬁrstly designed by using the
linear quadratic-Gaussian (LQG) method and then truncated
by a balanced truncation method. Quite recently, Huang et al.10
proposed a new approach to design a time-delay LQG
controller to actively suppress the ﬂutter instability of the
MAW model involving an input time delay. Compared with
the conventional LQG controller, the time-delay LQG control-
ler can stabilize the aeroelastic system with an input time delay
effectively. The success of their new approach in numerical
simulations motivates one to testify the approach for active
ﬂutter suppression of a practical aeroelastic system with high
dimensions.
In previous studies, numerous SISO controllers have been
designed to actively suppress the ﬂutter of aeroelastic systems
and veriﬁed in wind tunnel tests. Meanwhile, some MIMO
controllers have also been designed for active ﬂutter suppres-
sion, but only a few of them have been testiﬁed in wind tunnel
tests. The studies show that both SISO and MIMO control
laws can expand the ﬂutter boundary of open-loop systems.
Compared with SISO controllers, MIMO controllers have sev-
eral advantages as follows. Firstly, much smaller deﬂections of
control surfaces are required and the wing can be subject to
much larger twist than a conventionally designed wing when
an MIMO controller is used. Secondly, a control reversal
may occur when the twist due to the control-surface deﬂection
negates the control-induced maneuvering loads,11 if only a
trailing-edge control surface is used. However, the control
reversal problem can be improved by using a leading-edge con-
trol surface at the same time.
In active ﬂutter suppression, it is essential to properly select
and use actuators. A recent study shows that ultrasonic motors
serve as a promising kind of actuator for ﬂutter suppression of
a small aeroelastic system since they present many attractive
features, such as simple structure, high torque, low weight,
and no electromagnetic contamination. For example, Yu and
Hu12 used an ultrasonic motor to drive the control surface
of a two-dimensional airfoil model. They established the math-
ematical model of the ultrasonic motor via a second-order
transfer function for the aeroservoelastic modeling of the
two-degree-of-freedom wing section. For the aeroservoelastic
modeling of a three-dimensional wing model, however, their
mathematical model of the ultrasonic motor cannot be useddirectly because three state variables are needed for modeling
the aeroservoelastic equation of a wing model.
This paper attempts to address these issues. Firstly, an
MIMO time-delay feedback controller was synthesized and
implemented in wind tunnel tests to actively suppress the ﬂut-
ter instability of the MAW model. Secondly, two ultrasonic
motors were used to drive the leading and trailing-edge control
surfaces, respectively. The mathematical model of the ultra-
sonic motors was represented by a new state-space description
and then the aeroservoelastic model for the three-dimensional
MAW model was established.
2. Mathematical modeling
2.1. Wind tunnel model of MAW
The MAWwind tunnel model illustrated in Fig. 1 has two con-
trol surfaces, that is, the leading-edge outboard (LEO) and
trailing-edge outboard (TEO) control surfaces. Each control
surface can be activated by a rotary ultrasonic motor, mounted
on the wing root, for active suppression of possible ﬂutter. In
addition, two accelerometers are ﬁxed at the leading-edge tip
(LET) and trailing-edge tip (TET) of the wing, respectively,
so as to measure the responses of the MAW model as the con-
troller inputs. Thus, the MAW model has two control inputs
and two control outputs. More details about the ﬁnite element
modeling of the MAWmodel can be found in the early work.13
The comparison between the wind tunnel test of the initial
MAW model and the numerical simulation of the correspond-
ing ﬁnite element model showed strong discrepancies. In order
to reduce the discrepancies, all gaps among the plastic foams in
the MAW model have been ﬁlled with sponge, and the back-
lashes between the control surface and the wing have been
plastered with tinfoil and rubber membrane.
2.2. Dynamic modeling of actuators
In wind tunnel tests, both control surfaces of the MAW model
can be actuated by ultrasonic motors. As shown in Fig. 2,14 an
ultrasonic motor is driven by a mechanism that a gross motion
is generated through the ampliﬁcation and repetition of micro-
deformations of piezoelectric materials. The piezoelectric
materials induce an orbital motion on the surface of a stator
at the contact points with a rotor. The frictional interface
between the rotor and the stator rectiﬁes the micro-motion
to produce a macro-motion of the rotor. An ultrasonic motor
can produce a high torque at a low rotational speed when the
Fig. 2 Operating principle and structure of an ultrasonic
motor.14
Fig. 4 Comparison between measured and ﬁtted frequency
response (FR) of an ultrasonic motor.
Active ﬂutter suppression of a multiple-actuated-wing wind tunnel model 1453input power is switched on, as well as a high self-locking tor-
que when the input power is switched off. Two ultrasonic
motors, mounted on the wing root, are used in this study to
actuate the control surfaces through the connecting shafts.
The trailing-edge ultrasonic motor, one of the two motors,
can be showed in Fig. 3.
The transfer function of an ultrasonic motor reads
b
bc
¼ k0w
2
0
s2 þ 2nw0sþ w20
ð1Þ
where b is the deﬂection of the control surface; bc is the servo-
command for a control surface; k0, n and w0 can be determined
via the nonlinear least square ﬁtting scheme from experimental
data.15 Fig. 4 shows both measured frequency response and ﬁt-
ted frequency response of an ultrasonic motor. It is worthy to
note that Eq. (1) is a transfer function of a second-order sys-
tem, but the aeroservoelastic equation for the MAW model
requires three state variables of each actuator. Thus, the state
and output equations of the ultrasonic motor are provided as
followsFig. 3 An ultrasonic motor used to actuate the control surface._b
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For a system with two control inputs, the state-space equa-
tion of two actuators can be assembled in the following form
_xac ¼ Aacxac þ Bacdc
yac ¼ Cacxac þDacdc

ð4Þ
where xac contains four states for two motors; dc is the vector
of deﬂection commands for two control surfaces; yac is also the
control input vector of the aeroservoelastic equation; Aac and
Bac are the system and input matrices of the state-space equa-
tion of actuators; meanwhile, Cac and Dac are the output
matrices.2.3. Aeroservoelastic modeling for MAW model
In this study, the Dryden atmospheric turbulence model added
with a low-pass ﬁlter is used for numerical simulation and con-
trol design.10,16,17 The transfer function of the turbulence
model yields
ngðsÞ
wðsÞ ¼ rg
s3=2g þ
ﬃﬃﬃ
3
p
s1=2g s
s1g þ s
 2  asþ a ð5Þ
where w(s) is the gust input noise; ngðsÞ is the output of the
Dryden turbulence transfer function; rg is the gust velocity
referred to as turbulence intensity; sg is the time constant; a
is the break frequency of the added low-pass ﬁlter. Eq. (5)
can be transformed to the dynamic equations in the state-space
form as follows:
€xg ¼ 2s1g _xg  s2g xg þ a~xg
_~xg ¼ a~xg þ rgw
(
ð6Þ
1454 W. Qian et al.where xg and ~xg are the state variables of the state-space equa-
tion of gust model.
The model participation coefﬁcient for the gust mode is
deﬁned in the following output equation
ng ¼ s3=2g xg þ
ﬃﬃﬃ
3
p
s1=2g _xg
_ng ¼ s3=2g _xg þ
ﬃﬃﬃ
3
p
s1=2g €xg
(
ð7Þ
Eqs. (6) and (7) can be recast as the following matrix form
_xg ¼ Agxg þ Bgw
~wg ¼ Cgxg

ð8Þ
where
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The aeroelastic equation of the MAW model in Laplace
domain can be established through Lagrange’s equation as
follows:
Mqqs
2 þDqqsþ Kqq
 	
qðsÞ ¼ Mqds2dðsÞ
þ qdQqqðsÞ; qdQqdðsÞ

  qðsÞ
dðsÞ
 
þ qdQqgðsÞ
ngðsÞ
V
  ð9Þ
where q(s) is the generalized displacement vector including
four elastic modes; d(s) is the vector of deﬂection angles of con-
trol surfaces; Mqq, Dqq and Kqq are the modal mass, damping
and stiffness matrices; Mqd is the mass coupling matrix
between the structural modes and the control surface modes;
Qqq, Qqd and Qqg are the coefﬁcient matrices of generalized
unsteady aerodynamic forces; qd is the dynamic pressure;
and V is the ﬂow speed.
By using a rational function approximation, the coefﬁcient
matrices of generalized unsteady aerodynamic forces can be
approximated as
QqqðsÞ; QqdðsÞ; QqgðsÞ

  ¼ A0 þ b
V
A1sþ b
2
V2
A2s
2
þDs Is V
b
Rs
 1
Ess ð10Þ
where A0, A1, A2, Ds, Rs and Es are the matrices used in the
rational approximation; b is the reference semi-chord of wing
model, and
Ai ¼ Aqqi; Aqdi; Aqgi½  ði ¼ 0; 1; 2Þ
Es ¼ Eqq; Eqd; Eqg½ 

An additional aerodynamic state vector xa, can be intro-
duced and deﬁned as
xaðsÞ ¼ Is V
b
Rs
 1
EqqqðsÞ þ EqddðsÞ þ Eqg ngðsÞ
V
  
s
ð11Þwhich means the following equation in time domain
_xa ¼ V
b
Rsxa þ Eqq _qþ Eqd _dþ Eqg
_ng
V
 !
By substituting Eqs. (10) and (11) into Eq. (9), the aeroelas-
tic equation in state-space description can be developed as
follows:
_xae ¼ Aaexae þ Baeuae þ Bag~wg ð12Þ
where
xae ¼
q
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dLEO and dTEO are the deﬂection angles of leading- and trail-
ing-edge control surfaces, respectively.
The output equation of the aeroelastic system can be
expressed as
yae ¼ Caexae þDaeuae þDag~wg ð13Þ
where yae is the output vector of the aeroelastic equation, and
Cae ¼ uM1qq  Kqq þ qdAqq0
 	
; Dqq þ qd
b
V
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;qdDs
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Here, u is the modal displacement matrix corresponding to the
locations of acceleration sensors.
It should be emphasized that the control input of the state
Eq. (12) includes three state variables of a motor, but the state
Eq. (2) of the motor only contains two state variables. Thus, the
output Eq. (3) is chosen so that the output vector of the motor
equals to the input vector of the aeroelastic system, that is
yac ¼ uae ¼
d
_d
€d
264
375
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mentation of the aeroelastic equation and the state-space real-
ization of the actuators,18,19 which yields
_xp ¼ Apxp þ Bpdc þ Bpg~wg
yp ¼ Cpxp þDpdc þDag~wg
(
ð14Þ
where
xp ¼
xae
xac
 
; Ap ¼
Aae BaeCac
0 Aac
 
; Bp ¼
BaeDac
Bac
 
;
Bpg ¼
Bag
0
 
; Cp ¼ Cae; DaeCac½ ; Dp ¼ DaeDac
and yp is the output vector of the aeroservoelastic equation; dc
is the command vector of control surfaces.
By substituting Eq. (8) into Eq. (14), one can obtain
_x ¼ Axþ Buþ Gww
y ¼ CxþDuþ v

ð15Þ
where x is the state vector including four generalized displace-
ments, four generalized velocities, four aerodynamic states,
four states for two actuators, and three turbulence states, i.e.
x= [xp, xg]
T; u is the vector of two control inputs, i.e.
u= dc; y is the vector of two accelerometer outputs, i.e.
y= yp; v is the measurement noise; and
A ¼ Ap BpgCg
0 Ag
 
; B ¼ Bp
0
 
; Gw ¼
0
Bg
 
;
C ¼ Cp; DagCg½ ; D ¼ DpFig. 5 Block diagram of an LQG controller for active ﬂutter
suppression of the MAW model.3. Design of controller
The dynamic equation of a linear LQG controller can be rep-
resented as
_xc ¼ Acxc þ Bcy
u ¼ Ccxc

where xc is the state vector of the controller, and
Ac ¼ A BKr  KfCþ KfDKr
Bc ¼ Kf ¼ XfCT eR1
Cc ¼ Kr ¼  RþDTQD
 	1ðBTXr þDTQCÞ
8><>:
where Q and R are the weighting matrices of system outputs
and control inputs, respectively, from the conventional LQG
control law minimizing a weighted quadratic cost function
deﬁned by yTQy+ uTRu20; Kf and Kr are the gain matrices
of the Kalman state estimator and the optimal regulator,
respectively; Xf and Xr are the positive deﬁnite solution of
the following Riccati equations
AXf þ XfAT  XfCT eR1CXf þ eQ ¼ 0
ATXr þ XrA ðCTQDþ XrBÞðRþDTQDÞ1
ðBTXr þDTQCÞ þ CTQC ¼ 0
where eQ and eR denote the intensity matrices of the gust input
and the Gaussian white noise process of measurement, respec-
tively. In order to determine the LQG control law, the gainmatrix Kr of the optimal regulator can be determined ﬁrst by
choosing the weighting matrices as Q= I and R= 0.001I.
Then, the gain matrix Kf of the Kalman state estimator is
determined via eQ ¼ 0:001I and eR ¼ 0:1I.
The block diagram of an LQG controller for active ﬂutter
suppression of the MAW model is illustrated in Fig. 5, where
the control loop contains ﬁrst-order anti-aliasing ﬁlters and
the controller includes ﬁrst-order high-pass ﬁlters. In Fig. 5,
xa and a are the break frequency of the low-pass and high-
pass ﬁlters, respectively. The high-pass ﬁlters are used to elim-
inate the steady-state bias measurements due to accelerome-
ters and charge ampliﬁers. To synthesize a reduced-order
LQG controller to expand the ﬂutter boundary of an open-
loop system, the ﬂutter stability is investigated ﬁrst. The the-
oretical ﬂutter speed of the MAW model is computed through
the eigen-values of the system matrix in Eq. (15). The ﬁrst
four structural modes, i.e., the ﬁrst (bending) mode, the sec-
ond (torsional) mode, the third (bending) mode and the ﬁfth
(torsional) mode, are used for ﬂutter analysis. The fourth
mode is not used because it contributes much less to the ﬂut-
ter of the wing model. The natural frequencies of these four
modes are 3.1753 Hz, 8.2302 Hz, 13.891 Hz and 18.265 Hz.
Fig. 6 shows the real and imaginary parts of the eigen-values
through the v-g and v-f diagrams. Fig. 6(a) indicates that the
theoretical ﬂutter speed is 34.5 m/s and Fig. 6(b) shows that
the frequency of the ﬂutter is 6.09 Hz. The design objective
of the LQG controller is to increase the lowest ﬂutter speed
of the open-loop system by 20%. Extensive numerical simula-
tions show that the LQG controller, designed at the dynamic
pressure q = 1100 Pa and the ﬂow speed v = 42.4 m/s, main-
tained excellent control performance. Fig. 7 shows the root
loci of the LQG-controlled MAW model and indicates that
the controller becomes invalid at q = 1610 Pa and
v = 51.2 m/s. In practice, the MIMO controller of full orders
was reduced to a controller of 16 orders by using balanced
truncation and the resulted MIMO controller was discretized
by using the Tustin transformation at a sampling rate of
500 Hz.
Fig. 6 The v–g and v–f diagrams of ﬂutter analysis for the
uncontrolled MAW model.
Fig. 7 The root loci of dynamic pressure of LQG-controlled
MAW model.
Fig. 8 Block diagram of the controlled MAW model for active
ﬂutter suppression.
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As shown in Fig. 8, the controlled wind tunnel model of MAW
for active ﬂutter suppression is constructed based on
SEED_DSP 2812MV2/KIT, that is, a development board of
the TI 28x digital signal processor (DSP). As well known,
2812MV2/KIT is a 32-bit ﬁxed-point embedded DSP control-
ler of high performance, with the industrial standard 3u form-
factor for real-time data acquisition and motor control. Animprovement is made so that the analog-to-digital (AD) con-
verter on this board can acquire both plus and minus voltages.
The 32-bit CPU-timer on the DSP is set to 2 ms. Hence, the
system run every 2 ms and the sampling frequency is 500 Hz.
The control system designed in this study contains two
parts. The ﬁrst part is the angle tracking module of ultrasonic
motors and works as follows. The quadrature-encoder-pulse
(QEP) of DSP reads the present angles of the two control sur-
faces. Then, a PID controller is used to obtain the angular
speeds of motors demanded from the tracking errors of motor
angles. Finally, the digital-to-analog (DA) converter and the
optical coupler change the demanded angular speeds to analog
voltages, and output the voltages to the driver of the motors.
The driver tells the motors how to follow the control surface
commands. The second part of the control system is the active
ﬂutter suppression module, including two sections. For the
ﬁrst section, the analog acceleration signals y¨TET and y¨LET
measured by the two accelerometers mounted at wing tips
are converted into digital signals via the AD converter, and
then ﬁltered by the low-pass digital ﬁlters. For the second sec-
tion, the control surface commands dTEO and dLEO are com-
puted via the digital controller, and the two control surfaces
are actuated by the ultrasonic motors via the control signals.
In addition, the DSP can communicate with the host computer
through a serial communication interface (SCI) module.
Therefore, both test operations and measured results of the
wind tunnel test can be monitored and recorded from the host
computer with the help of a display procedure written in
VC++ MFC.
5. Test results and discussions
5.1. Flutter of open-loop system
In wind tunnel tests, the ﬂutter of the MAW model without
control is measured as the ﬁrst step. The time history of the
TET acceleration is recorded when the ﬂow speed is 33.0,
33.5, 34.0 and 34.5 m/s, respectively. As shown in Fig. 9, the
vibration amplitude of the TET acceleration is higher when
the ﬂow speed increases from 33.0 to 34.5 m/s. The TET accel-
eration is always less than 20 m/s2 and the vibration of the
MAW model is small when the ﬂow speed is 33 m/s in
Fig. 9(a). In Fig. 9(b), the TET acceleration increases to
50 m/s2 and would decay to some value less than 10 m/s2 at
Fig. 9 Time histories of TET acceleration without control at four ﬂow speeds in the wind tunnel test.
Fig. 10 Power spectral density (PSD) of TET acceleration
without control at two ﬂow speeds, respectively.
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34.0 m/s in Fig. 9(c), the vibration is obvious because the
amplitude of TET acceleration remained about 50 m/s2.
Finally, the vibration of the MAWmodel is very large at a ﬂow
speed of 34.5 m/s in Fig. 9(d). Fig. 10 shows the power spectral
density (PSD) of the measured acceleration of the wing tip in
the frequency domain at ﬂow speeds of 33.0 and 34.5 m/s. In
Fig. 10(a), there are two obvious peaks, indicating the ﬁrst
(bending) mode and the second (torsional) mode, respectively.
However, the ﬁrst (bending) mode and the second (torsional)
mode coupled each other in Fig. 10(b) when the ﬂow speed
reached 34.5 m/s. Fig. 10(b) also indicates that the frequency
of the coupled bending-torsional mode is 6.36 Hz. Compared
with previous wind tunnel tests for an open-loop system,13
the critical ﬂutter speed is lower, but similar to the prediction
in Fig. 6. Meanwhile, the ﬂutter frequency is 4.43% higher
than the predicted one.
5.2. Flutter of closed-loop system
The conventional controller, described in Fig. 5, is ﬁrstly
checked in a number of wind tunnel tests. The test results show
that active ﬂutter suppression usually fails as the controlled
MAW model has no guaranteed stability margins due to the
time delay in the control loop. Thus, two digital ﬁlters, approx-
imated by the Pade approximation with parameters T1, T2, K1
and K2, are added to the control loop to compensate the time
delay as shown in Fig. 11. The two control inputs of the MAW
model are all modiﬁed by the ﬁlters. Then, the modiﬁed
MIMO time-delay LQG controller is testiﬁed in the wind
tunnel tests.
The LET and TET accelerations, control surface com-
mands, and deﬂections of the closed-loop system are recorded
at ﬂow speeds of 34.5, 35.5, 36.5 and 37.0 m/s, respectively.
Both LET and TET accelerations are convergent when the
ﬂow speed increases from 34.5 to 36.5 m/s. However, they
are divergent and would damage when the ﬂow speed increases
to 37.0 m/s. Fig. 12 shows the time histories of TET accelera-
tion, TEO control surface command and motor angle at a ﬂowspeed of 34.5 m/s. Compared with Fig. 9(d), at the same ﬂow
speed, the acceleration would increase to 50 m/s2, but could
decay to some value less than 20 m/s2 in Fig. 12(a). There is
no doubt that the ﬂutter of the MAW model was suppressed
Fig. 11 Block diagram of the time-delay feedback controller of
the MAW model for active ﬂutter suppression.
Fig. 12 Time histories of TET acceleration, control input and
motor angle with control at a ﬂow speed of v = 34.5 m/s.
Fig. 13 Time histories of LET acceleration, control input and
motor angle with control at a ﬂow speed of v = 34.5 m/s.
Fig. 14 Time histories of TET acceleration, control input and
motor angle with control at a ﬂow speed of v = 37.0 m/s.
1458 W. Qian et al.by the MIMO time-delay LQG controller. Meanwhile, in
Fig. 12(b), the TEO control surface command and motor angle
are less than 15, and the ultrasonic motor could follow the
control command well. Fig. 13 shows the time histories of
LET acceleration, LEO control surface command, and motor
angle at a ﬂow speed of 34.5 m/s. Compared with the TET
acceleration in Fig. 12(a), the LET acceleration in Fig. 13(a)
is much smaller. The LEO control surface command and
motor angle are less than 10. Fig. 14 shows the time histories
of TET acceleration, TEO control surface deﬂection com-
mand, and motor angle when the ﬂow speed is 37 m/s. The
TET acceleration increases to 120 m/s2 in Fig. 14(a). This also
means that the MAW model would be in danger, and the
MIMO time-delay LQG controller could not suppress the ﬂut-
ter when the ﬂow speed is beyond 37 m/s. In Fig. 14(b), the
TEO control surface command and motor angle reached 40,
which is out of the range of the motor. Fig. 15 shows the time
histories of LET acceleration, LEO control surface deﬂection
command, and motor angle. As shown in Fig. 15(b), theleading-edge outboard motor is not going down because the
wind is too strong.
Fig. 16 presents the PSDs of measured TET and LET accel-
erations of the wing when the MAW model is subject to con-
trol or not at a ﬂow speed of 34.5 m/s. As shown in Fig. 16, the
measured TET acceleration is larger than the LET accelera-
tion. That is, as same as the time histories, the trailing edge
of the wing underwent a stronger vibration than its leading
edge. Compared with the uncontrolled MAW model, both
peaks of the measured accelerations of the controlled MAW
model are greatly suppressed as shown in Fig. 16 when the ﬂow
speed arrives at 34.5 m/s. Furthermore, the coupled bending-
torsional ﬂutter under control become the torsional-dominated
vibration with a frequency higher than that of the uncontrolled
ﬂutter. As a result, the time-delay feedback control is able to
expand the ﬂutter boundary and actively suppress the ﬂutter
when the ﬂow speed is higher than the critical ﬂutter speed
Fig. 15 Time histories of LET acceleration, control input and
motor angle with control at a ﬂow speed of v = 37.0 m/s.
Fig. 16 PSDs of measured accelerations with and without
control at a ﬂow speed of v = 34.5 m/s.
Fig. 17 PSDs of control-surface commands and deﬂection
positions under control.
Active ﬂutter suppression of a multiple-actuated-wing wind tunnel model 1459of the open-loop system. However, this control might fail and
enlarge the dangerous ﬂutter if the ﬂow speed is excessively
high.
To reveal the reason why the above control fails to work,
Fig. 17 shows the PSDs of two control-surface commandsand deﬂection positions at a ﬂow speed of 37 m/s. As shown
in Fig. 17, the ultrasonic motors could not afford the request
of the control surface commands when the ﬂow speed increases
to 37 m/s because the control surface deﬂection demand
exceeds the motor capacity.
6. Conclusions
(1) This study validates active ﬂutter suppression for a wind
tunnel model of MAW via the use of ultrasonic motors
as a new kind of actuators. The ﬁrst novelty of the study
is to establish the aeroservoelastic equation for the
three-dimensional MAW model, including the state-
space equations of two actuators added with an addi-
tional output equation. The second novelty is to design
a MIMO time-delay feedback controller for active ﬂut-
ter suppression of the MAW wind tunnel model. The
third novelty is to realize active ﬂutter suppression with
the help of a TI 28x DSP and to verify the technique via
a number of wind tunnel tests.
(2) The wind tunnel tests show that the conventional con-
troller could not suppress the ﬂutter of the MAW model
at a ﬂow speed of 34.5 m/s because it has no guaranteed
stability margins due to the time delay in the control
loop. However, the time-delay feedback controller could
effectively suppress the ﬂutter instability of the MAW
model at ﬂow speeds from 34.5 m/s to 36.5 m/s. The
controller fails and may lead to damage if the ﬂow speed
1460 W. Qian et al.reaches 37.0 m/s. That is, the time-delay controller could
increase the critical ﬂutter speed by 7.24% and effec-
tively suppress the ﬂutter of the uncontrolled MAW
model in the wind tunnel tests.
(3) The wind tunnel tests also show a discrepancy between
numerical simulations and test results. The discrepancy
may be due to the inaccurate computation of the aerody-
namics and/or structural modes. To deal with the mod-
eling uncertainty, a robust control method is being
developed to achieve better control performance. Fur-
thermore, a better control performance will also be
expected if the hinge-moments of the control surfaces
can be fully transmitted to the MAWmodel and the area
of the control surfaces can be further increased.
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